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Abstract 7 
Air curtains have been widely used to reduce infiltration through door openings and save 8 
heating/cooling energy in different types of buildings. Previous studies have found that there exist three 9 
aerodynamics conditions: optimum condition (OC), inflow break-through (IB), and outflow break-10 
through (OB) conditions, which are important for categorizing air curtain performance subject to such 11 
key parameters including supply speed and angle, and presence of a person during an actual operation. 12 
However, few studies have focused on the effects of these parameters on air curtain performance in 13 
terms of resisting infiltration and reducing exfiltration. This research presents a parametric study of air 14 
curtain performance based on reduced-scale experiments and full-scale numerical simulations. It was 15 
found that increasing air curtain supply angle improves air curtain performance when it is operated 16 
under the OC and IB conditions but creates excessive exfiltration under the OB condition. Increasing 17 
supply speed of air curtain generally improves the air curtain performance whereas this improvement 18 
deteriorates with the increase of supply angle under the OB condition. The presence of person, either 19 
directly under or below the air curtain, almost has no effect on the infiltration/exfiltration during the OC 20 
condition. Moreover, the person in the doorway can block airflow from both directions, contributing to 21 
less infiltration under the IB condition and less exfiltration under the OB condition than without the 22 
person. This study provides valuable insights into air curtain aerodynamics performance under different 23 
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1. Introduction 2 
Every year, buildings use large amounts of energy. It is reported that, in the U.S., the building sector, 3 
including residential, commercial and government buildings, accounted for about 41% of the primary 4 
energy usage, 47% of which is used for the space heating and cooling systems [1]. For the commercial 5 
buildings, air infiltrations can contribute to 18% of the total heat loss [2]. In modern well-constructed 6 
and well insulated buildings, heat losses due to air infiltration become more significant and is estimated 7 
to be responsible for up to 25% of the building heating loads [3]. Infiltrations through door openings 8 
become quite significant when the doors are frequently used such as in restaurants, retail stores, 9 
supermarkets, offices, and hospitals [4].  10 
A common solution to reduce energy loss due to air infiltration through door opening is to use a 11 
vestibule instead of single doors [5,6]. Yuill [7] and Yuill et al. [8] conducted one of the pioneer studies 12 
to estimate infiltration rates for automatic doors based on door usage frequency, geometry, and the 13 
pressure difference across a door. It was found that a building entrance with a vestibule has a smaller 14 
discharge coefficient, CD, and therefore it results in the reduction of air infiltrations when compared to 15 
the entrances without a vestibule (i.e. single doors)  [7]. For this reason, vestibules became a  16 
requirement in climate zones 3 ~ 8 based on the ASHRAE Standard 90.1 [9]. Air curtains have been 17 
proposed and supported by previous studies [10,11] as an alternative way to decreasing the infiltration 18 
rates through the building entrance and reducing building energy heat losses. The air curtains, which are 19 
typically mounted above doorways, separate indoor and outdoor temperatures with a stream of air 20 
strategically engineered to strike the floor with a particular velocity and position [12]. Since the 21 
infiltration rate through building entrance is directly related to the energy performance of air curtains, 22 
many studies focused on the air jet aerodynamics and its relationship with the infiltration rate [13–18]. 23 
Hayes [19] and Hayes and Stoecker [20] proposed an analytical model in terms of “deflection modulus”, 24 
a ratio of air curtain jet momentum to transverse forces, as a result of temperature difference through air 25 
curtain. Based on the analytical model, the minimum jet outlet momentum to ensure air jet reaching the 26 
floor could be determined, which was defined as the “optimum condition” pattern in their research.  If 27 
the minimum jet outlet momentum was not satisfied, the air curtain jet would not reach the floor, which 28 















dynamic and geometrical parameters on air curtain performance. Foster et al. [14] simulated a 1.0 m 1 
wide air curtain by a 2-D CFD model and noticed that the air curtain performance is directly influenced 2 
by jet velocity and door opening duration. By analyzing the CFD simulation results, Wang and Zhong 3 
[21] found and defined three airflow patterns: the optimum condition (OC), inflow (or infiltration) 4 
break-through (IB) condition, and outflow ( or exfiltration) break-through (OB) condition. The 5 
infiltration models for door opening with air curtain were also proposed in terms of the pressure 6 
difference, flow coefficients, and modifiers, and could be correlated using CFD simulation data for each 7 
flow pattern. An experimental study was conducted by Goubran et al. [22] to validate the infiltration 8 
models. Using the infiltration models, energy and airflow simulations were employed to calculate the 9 
energy consumption in buildings with vestibules and air curtains [4,11]. It was found that, on national 10 
level based on the US climate zones, air curtains are more efficient than vestibules in terms of whole 11 
building site end-use energy savings and thus outperforming the efficiency of vestibule [11]. However, 12 
these studies focused on a specific air curtain supply velocity and angle: for example, the air supply 13 
speed and angle were only 15 m/s and 20° in Wang and Zhong’s study [21], and 9.1 m/s and 13.75 m/s 14 
and 20° in Goubran et al.’s study [22]. The effect of key parameters, e.g., air supply speed and angles on 15 
infiltration rate at different flow patterns is unavailable [22]. These are the key parameters for air curtain 16 
designs and applications. Moreover, the influence of the people passing through an air curtain door on 17 
air curtain performance has not been well addressed.  18 
This research aims to study the effect of supply speed, angle and people on air curtain performance in 19 
terms of reducing infiltration and/or exfiltration through a building entrance doorway. Both reduced-20 
scaled experiments and full-size numerical simulation were conducted. This paper first introduced the 21 
infiltration models for different air curtain flow patterns from our previous work [21]. Using a similar 22 
experimental setup as Goubran et al. [22], we then conducted experimental and numerical analysis of the 23 
effects of air curtain supply speed, angle and presence of people in doorway on air curtain performance 24 
under different flow patterns and conditions.  25 
2. Methodology 26 
To investigate the effect of air supply speed, angle and people standing under/below the air curtain on 27 
the performance of air curtains at building entrances, both reduced-scaled experiments and full-size 28 















model of the door with air curtain is also presented in this section, which is used to evaluate the air 1 
curtain performance. 2 
2.1. Experiments 3 
The experiments were conducted in the CUBE (Concordia University Building Environment) chamber 4 
(Fig. 1), which comprises an airtight chamber with a blaster door fan, an entrance door installed with an 5 
air curtain, pressure sensors located inside of the enclosure, and a laser PIV system to capture airflow 6 
patterns through the entrance door [23]. The CUBE is divided into two sections by a horizontal ceiling, 7 
and the experiments were conducted in the lower section of 2.44 m × 2.44 m × 1.3 m (L × W × H) [22]. 8 
the door size is 0. 61 m × 71 m (W × H). In this study, the door is fully opened. The air curtain supply 9 
slot is 0.0635 m × 0.61 m (D × W) with three discharge vanes, which could be adjusted to change the 10 
supply angle. The air curtain unit also includes a variable frequency drive (VFD) controller to control 11 
the supply speed. The supply speed was measured at 45 points across the supply slot, from which the 12 
average speed was obtained.  In this study, two different supply velocities were selected: (1) the 13 
maximum supply speed of the unit is 13.75 m/s; and (2) a lower speed 9.1 m/s. 14 
The blower door fan is used to control a given pressure difference, ∆P, across the door by 15 
depressurization or pressurization. Based on the conservation of mass, the mass air flow rate through the 16 
door is equal to the airflow rate through the fan. The duct ending inside the chamber was equipped with 17 
an air diffuser to avoid direct flow towards the door (see Fig. 1b). The interior pressures of the chamber 18 
were measured and averaged over four points at the chamber’s mid-depth plane (Fig. 1a). The external 19 
pressure was measured at a point far from the chamber to avoid any possible potential airflow 20 
disturbance. The pressure difference across the door was calculated based on the difference between the 21 
pressures inside and outside the chamber. 22 
Based on the equipment and setup used, the flow rate achieved from the blower door fan was with a 23 
maximum of approximately 0.4 m3/s infiltration into the chamber and a minimum of approximately 0.3 24 
m
3/s exfiltration from the chamber with the entrance doors fully open. The temperature of the laboratory 25 
where the CUBE is located was recorded during the testing and averaged at 23 °C, which was used to 26 















  1 
(a)                                                                                      (b) 2 
Fig. 1. The CUBE experimental chamber – (a) top view with locations of the pressure reading 3 
points/nodes, and (b) 3D view.  4 
To study the effect of people in the door way on the air curtain performance, a person model was created 5 
and placed in the doorway of the air curtain door. Experimental measurements were taken with this 6 
setup. The person model and its location about the doorway and the setup are illustrated in Fig. 2. A 7 
particle image velocimetry (PIV) system was used for this study to visualize the airflow fields at the 8 
doorway with and without a person, which includes a Ng:YAG dual laser head system, the CCD camera 9 
[23,24], a specially designed Helium Filled Soap Bubbles (HFSB) system [22], and the PIV data 10 
acquisition. Details of the PIV system could be referred to the literature [22] and references on the use of 11 
HFSB seeds in large scale measurements can also be found in literature [25,26]. The procedure of 12 
processing for the PIV captured velocity data was (1) to correlate the data using the adaptive correlation 13 
method with an overlap of 50% (central differencing method with 1.2/2 min peak for validation and an 14 
acceptance factor of 0.1), (2) to filter the correlated data using the average filter (3×3 averaging area), 15 
and (3) to generate the RMS values of the velocity vectors. The flow scale was generated by using the 16 
velocity ranges observed in the cases, and the average error calculations were based on the standard 17 
deviation data reported by the software. It is noted that the PIV experiment system may incur errors and 18 
uncertainties, due to the systemic errors and the random sampling deviation of statistical errors [27]. 19 
Previous studies indicate that though the estimations of PIV measurement accuracy are case by case, it is 20 

















Fig. 2. Details of the person model used and the model placed in the doorway 3 
 4 
 5 
Fig. 3 Illustration of the section view with the field of view and seeding (nozzle) positions highlighted 6 















In order to study the effect of air supply speed, angle and presence of people on the air curtain 1 
performance, five scenarios, comprised 51 conditions, were selected to be measured in the CUBE (Table 2 
1). The supply angles are 0° and 20° (towards the outside of the door, Fig. 3). The supply air speed is 9.1 3 
m/s and 13.75 m/s. Each condition was repeated twice to ensure the repeatability of the tests. 4 






people Measurements PIV measurements 
Scenario 1 0 9.1 without people 7 / 
Scenario 2 20 9.1 without people 15 12  (incl. 3 repeated) 
Scenario 3 0 13.75 without people 8 / 
Scenario 4 20 13.75 without people 16 12  (incl. 3 repeated) 
Scenario 5 20 13.75 with people 5 2 
 6 
2.2.    Full-size CFD simulations 7 
The experimental study was conducted for a limited number of conditions under a reduced-scale setup, 8 
e.g. only supply angles at 0° and 20° were selected. As a complementary approach, a series of CFD 9 
simulations were conducted using the ANSYS FLUENT software, which is widely used to simulate 10 
airflows in and/or around buildings [29,30]. The simulations were on a full-size building with the door 11 
size of 2 m × 2.4 m (W × H), which is chosen according to the Automatic Door Selection Guide [31]. 12 
The full-size CFD simulation model is 3.3:1 of the scaled CUBE chamber. Please note that in the current 13 
study, we did not try to compare the results at different scales quantitatively and to develop similarity 14 
rules. So the results of the scaled CUBE chamber and the full-size simulation model were only 15 
compared qualitatively. Currently, we are developing a new scaling method of air curtain jet flows, 16 
which will be covered in a future study. The modeled building section is 20 m × 24 m × 10 m (L × W× 17 
H), within a CFD domain of 50 m × 24 m × 10 m (L × W× H). An air curtain is mounted horizontally 18 
over the door with a supply slot of 0.08 m × 2 m (W × L) and a return of 0.2 m × 2 m (W × L). When 19 
the person is considered in the simulation, the height of the person model is the average height of the 20 
Canadian, 1.76 m [32]. Two different locations of people are considered: people directly under the air 21 















To reflect the reality, non-isothermal conditions were considered. The air supply temperature is 1 
maintained the same as the indoor temperature: 24 ˚C for the summer condition and 21 ˚C for the winter 2 
condition. The air supply angle is varied between 0˚ to 20˚ towards outdoors. Pressure boundaries are 3 
applied to the inlet and outlet in Fig. 4, between which the pressure difference varies from -20 Pa to 40 4 
Pa accounting for exterior wind effect. Based on the design day temperatures of the climate zones 1 to 8 5 
in the U.S. [9], the outdoor temperature is selected as -40˚C, -20˚C and 10˚C for the winter mode and 6 
25˚C, 30˚C and 40˚C for the summer mode. In all the simulation cases, the door is fully open (i.e. double 7 
swing automatic door with both leaves open at 90°).  8 
The standard k-ε turbulence model was selected as the turbulence model, and the pressure-velocity 9 
coupling adopted the SIMPLE algorithm [33]. Standard wall functions and full buoyancy effect were 10 
selected. The air was assumed as incompressible ideal gas. Convergence was reached when the residual 11 
was less than 10-3, except temperature, which was less than 10-6. The air curtain boundary condition is 12 
set up as an inlet with velocity and angle. The fixed mass flow rate was set for the air curtain return, 13 
which equals to that of the air curtain supply. The turbulent intensity and hydraulic diameter are used to 14 
specify the turbulence, where the turbulent intensity is ( ) 1/80.16 Re HDI −= [34]. For the spatial 15 
discretization scheme, the second order was chosen for the pressure interpolation, and the second order 16 
upwind for momentum and energy interpolations. The first order accuracy was chosen for other 17 
interpolations. All the grids were structured hexahedral grids. Two different meshing strategies were 18 
adopted for the grid independent study. Strategy 1: the grid size of the inlet of air curtain was 0.02 m × 19 
0.02 m. Far-field domain used a coarser grid with the size of 0.2 m × 0.2 m. The total number of the 20 
grids was about 1,260,000. Strategy 2: the grid size of the inlet of air curtain was 0.01 m × 0.01 m. Far-21 
field domain used a coarser grid with the size of 0.15 m × 0.15 m. The total number of the grids was 22 
about 7,000,000. Fig. 5 compares the velocity profiles under the air curtain supply inlet for different 23 
meshing strategies under a specific condition. The difference of the average velocity was within 7%. For 24 
the exfiltration flow rate, the difference was around 7% (7.5 kg/s for the strategy 1 and 7 kg/s for the 25 
strategy 2). The results of two different meshing strategies were reasonably close, so the meshing 26 
strategy 1 was selected (with the total grid number of about 1,260,000). 27 
It is noted that for the simulation cases with a person model, the person model is simplified as a group of 28 















(Fig. 2), the whole fluid zone can still be meshed with structured hexahedral grids. The heat transfer 1 
process about the person model was also neglected. 2 
 3 
Fig. 4. CFD model of a full-size building and the location of people. 4 
Using the CFD model (illustrated in Fig. 4), 708 CFD simulations were conducted for the air curtain 5 
door with the air curtain supplying air at 10, 15 and 20 m/s and 0°, 10°, 15° and 20° towards the outside. 6 
Table 2 presents a summary of all the simulation cases. 7 
 Table 2. CFD simulation cases with different supply speeds and angles. 8 
 Winter mode Summer mode 
Outdoor temperature (°C) -40, - 20, 10 25, 30, 40 
Indoor temperature (°C) 21 24 
Pressure difference (Pa) -20, -10, -5, -3.5, -2.5, -1.5, -1, -0.5, 0, 10, 20, 30, 40 
Door opening angle (°) 90 
Air curtain supply speed (m/s)  10,15,20 
Air supply angle (°) 0*,10,15,20 
People location** People below and under air curtain 
Total number of simulations 708 (438 cases without people, 270 with people) 
*0° air supply angle is only for cases with air supply speed of 15m/s 9 
















  1 
    (a) Location of velocity comparing point.      (b) Velocity comparison for different meshing strategies. 2 
Fig. 5. Grid independent study (summer mode, outdoor temperature 25 °C, pressure difference -10 Pa, 3 
air curtain supply speed 10 m/s, supply angle 20°, without human model). 4 
 5 
2.3. Infiltration model for door with air curtain  6 
As suggested by Wang and Zhong [21], three flow patterns, optimum condition (OC), inflow break-
7 
through (IB) and outflow break-throught (OB), were observed and are shown in Fig. 6, and the 
8 
corresponding Q- ∆Poi relationship can be observed in Fig. 7. The optimum condition (Fig. 6a) is caused 
9 
by mild outdoor and indoor pressure difference, ∆Poi, and the jet is able to reach the floor and 
10 
successfully blocks the outdoor air. In this case, there is still a net outflow portion as a result of the air 
11 
curtain jet passing through the door. As ∆Poi rises above a threshold value, which is defined as the upper 
12 
critical pressure difference, ∆Puc, the outdoor air would penetrate the jet as Fig. 6b shows. In this 
13 
condition, the increase of pressure difference will result in increased infiltration. As the opposite flow 
14 
pattern, Fig. 6c shows an outflow break-through when indoor pressure is higher than the outdoor 
15 
pressure (∆Poi < 0) and ∆Poi reaches another threshold value, which is defined as the lower critical 
16 


















     (a) Optimum condition (OC)        (b) Inflow break-through (IC)        (c) Outflow break-through (OB) 2 
              ∆Puc < ∆Poi  <∆Plc                                                ∆Poi  >∆Puc                                                     ∆Poi  <∆Plc
 3 
Fig. 6. Characteristics of an air curtain jet under different pressure differences, ∆Poi=Po-Pi  (adapted from 4 
[21]). 5 
Previous studies have found that when air curtain is installed above the door, the infiltration flow rate is 6 
not only influenced by the features of the door opening area, but also the aerodynamics of the air curtain 7 
jet [21], and the orifice equation is not applicable [20,21,32]. For example, under the optimum condition 8 
in Fig. 6(a), the net airflow is not zero even if the pressure difference across an air curtain is zero. 9 
Therefore, the infiltration model of Eq. (1) for each of the above three scenarios is proposed, where an 10 
extra term is added to the orifice equation: the discharge modifier, DD (Pa0.5). Q is the net flow rate 11 
through the door opening, m3/s. The discharge coefficients, CD, and the discharge modifiers, DD, can be 12 
correlated using Eq. (1) by the net flow rates, Q, and pressure differences, ∆Poi, for each flow pattern, 13 
which can be obtained from experimental or numerical simulation results.  14 




                                     (1) 15 
Where Q is flow rate in m3/s, A is door opening area in m2, ρ is air density in kg/m3, and ∆P is the 16 
pressure difference across the door in Pa. 17 
The upper critical pressures, ∆Puc, and lower critical pressures, ∆Plc, could be determined as shown in 18 
Fig. 7, which could be used to evaluate the performance of air curtain. A larger value of ∆Puc indicates a 19 
better performance of the air curtain to block the air infiltration through the door opening. A larger 20 
pressure difference between ∆Puc and ∆Plc means a wider range of the optimum condition and therefore 21 
better air curtain performance. Therefore, the values of ∆Puc and ∆Plc are used to evaluate the 22 
















Fig. 7. Illustration of air curtain performance by using the Q-∆Poi relationship. 2 
3. Results and discussions 3 
3.1. Verification of CFD modeling approach 4 
To validate the air curtain modeling method in CFD, the airflow through the CUBE chamber with air 5 
curtain was simulated under the condition of air supply speed of 9.1 m/s and 13.75 m/s and supply angle 6 
of 20° towards outside. The details of the CFD simulation setups can be found from our previous work 7 
[22]. The simulation results were compared with the experimental results and presented in Fig. 8. The 8 
comparison shows a good agreement between the experimental measurements and CFD simulations. 9 
Note that each CFD data point in Fig. 8 is one specific CFD simulation so we did not connect all the 10 
















Fig. 8. Comparison of experiments and CFD simulations for the air curtains with different air speeds. 2 
 3 
3.2. Parametric study - effect of air supply angle 4 
Figure 9 presents the experimental results of the supply angle of 0° and 20° and for the supply speed of 5 
9.1 m/s and 13.75 m/s. The air infiltration decreases significantly when the air supply angle increases 6 
from 0° to 20°. ∆Puc increases from 5.5 Pa to 11.5 Pa when the supply angle increases from 0° to 20° for 7 
13.75 m/s, and increases from 2.2 Pa to 5.5 Pa when the supply angle increases from 0° to 20° for 9.1 8 
m/s. Thus, better air curtain performance could be achieved by increasing the supply angle when it is 9 
operated under the optimum and inflow break-through conditions. 10 
 11 
Fig. 9. Experimental results of the reduced-scale chamber with supply angle of 0° and 20° for both 9.1 12 
















Figure 10 shows the study of the supply angles on the air curtain performance based on the full-size 2 
CFD simulations. It can be seen that as the supply angle increases, there is slightly less infiltration but 3 
more exfiltration. Moreover, the higher the supply speed is, more effects of different supply angles are 4 
observed during in the OB regions. For example, there is no obvious difference of air exfiltration among 5 
different supply angles during the OB condition when the supply speed is 10 m/s (Fig. 10a). However, 6 
when the supply velocity is increased 20 m/s (Fig. 10b), exfiltration rate increases significantly as the 7 
supply angle increases, e.g., from 12 m3/s to 15.5 m3/s, when the supply changes from 10° to 20° for the 8 
case of 20 m/s at -20 Pa. The curves for the supply velocity of 15 m/s are similar to those of 20 m/s so 9 
they are not shown here.  10 
   11 
(a)                                                                         (b) 12 
Fig. 10. Results of the full-size CFD simulations for different air supply angles at the supply speed of (a) 13 
10 m/s and (b) 20 m/s. 14 
Figure 10 contains many data lines, which makes it hard to show a clear picture of the effect of supply 15 
angle. To provide a better insight, Figure 11 explains the influence of supply angle on the upper and 16 
lower critical pressure differences. It is apparent that as the supply angle increases, both ∆Puc and ∆Plc 17 
increase, indicating a larger supply angle is benificial for the air curtain’s resisting effect against 18 
infiltration for the IB and OC conditions. The practical implication of this conclusion is that for an air 19 
curtain operating during the IB (e.g. a building is under-pressurized) or OC modes, it will be beneficial 20 















earlier transition from the OC region to the OB, indicating exfiltration occurs earlier even at low 1 
pressure differences. Therefore, for an air curtain operating in the OB mode (for example, a building is 2 
over-pressurized), larger air curtain supply angle creates more infiltration at low pressure regions, which 3 
should be avoided. For example, when the supply velocity is 20 m/s, as the supply angle increase from 4 
10° to 20°, the corresponding ∆Puc increases from 10.3 Pa to 12.9 Pa, indicating the air curtain is able to 5 
resist a higher incoming pressure. This is consistent with the observations from Fig. 10. Therefore, it is 6 
very important to monitor the indoor and outdoor pressures so we will know at which mode the air 7 
curtain operates on the performance curve, and then choose to either increase or decrease the supply 8 
angle in order to reduce both infiltration and exfiltration through a doorway. 9 
 10 
Fig. 11. Influence of supply angle on upper and lower critical pressure differences. 11 
To minimize both infiltration and exfiltration, an air curtain should be operated to ensure that the 12 
monitored pressure difference across entrance door to fall within ∆Plc or ∆Puc. Suppose the annual 13 
pressure difference across the envelope for a typical building is within 10 Pa [35], Fig. 11 shows that the 14 
air curtain with the maximum air supply velocity of 20 m/s and the minimum supply angle of 10° will 15 
maintain the unit at the OC mode, i.e. ∆Puc ≈ 10 Pa so that it is capable to reduce the 16 
infiltration/exfiltration significantly. This information provides key insights into air curtain operations 17 















3.3. Parametric study - effect of air supply speed 1 
Figure 12 plots the Q-∆Poi relationship for different air supply speeds at different supply angles. It 2 
shows that higher supply speed can significantly reduce the infiltration through the door, and increases 3 
the upper critical pressure, ∆Puc, during the IB condition, when compared to lower speeds: the curve 4 
shift to the right with the increase of supply velocity. It is also important to note that for the same air 5 
curtain supply angle, higher supply speed also results in lower exfiltration, during OB condition. 6 
However, this effect becomes less significant when the supply angle becomes 20° (Fig. 12b) when 7 
compared to 10° (Fig. 12a): indicating that a larger supply angle towards outside will reduce the air 8 
curtain performance when indoor pressure is higher than outside.  9 
 10 
  11 
(a)                                                                                          (b) 12 
Fig. 12. Results of the full-size CFD simulations for different air supply speeds at the supply angle of (a) 13 
10° and (b) 20°. 14 
3.4. Parametric study - effect of people in doorway 15 
Figure 13 presents the experimental results obtained with the person model below the air curtain and 16 
those without the person. The comparative figure shows that the air curtain door performance seems 17 
unaffected by the person in presence. The PIV test results in Fig. 14 further prove this observation. 18 
Under the same pressure difference (∆Poi = 11.2 Pa), the captured PIV flow patterns at the door mid-19 
plane show that the air curtain’s jet moves around the person while still providing the appropriate 20 















of the measured disturbances observed in the PIV results are due to the existence of the person in the 1 
doorway which blocked the laser sheets behind the model (i.e. inside the chamber). Another reason is 2 
that the flow in the chamber and from the air curtain exhibited 3D flow characteristics and the PIV 3 
system only captured the 2D time-averaged flow at the middle plan.  4 
 5 
Fig. 13. Experimental results of the reduced-scale chamber with people below the air curtain jet of 13.75 6 



























  2 
        (a) Without people.                               (b) People below air curtain. 3 
Fig. 14. PIV streamline measurements at the door mid-plane with air supply velocity: 13.75 m/s and 4 
angle: 20° for (a) without people, (b) dummy people below air curtain’s jet (∆Poi = 11.2 Pa). 5 
 6 
Fig. 15 shows the CFD velocity profile at the central section of the door when one person is below the 7 
air curtain. The results indicate that there still exist three flow patterns, inflow break-through, optimum 8 
condition and outflow break-through, though the air jet is affected by the person especially during the 9 
range of mild pressure difference (optimum condition). The same conclusions of the reduced-scale 10 
chamber tests also apply to the full-size CFD simulation results as shown in Fig. 16. With the person in 11 
the doorway, there still exist three distinct flow conditions. For the range of mild pressure difference 12 
(from -4 to 12.3 Pa), the existence of the person has little influence on the infiltration/exfiltration curve. 13 
With the increase of the pressure difference (in the IB region), a person in the doorway, either directly 14 
under or below the air curtain unit, contributes to more reduction of the infiltration due to the blockage 15 
from the person against the incoming air. This blockage effect is more apparent when the person is 16 
directly under the air curtain, i.e. the person standing right in the middle of the door), than when the 17 
person is below the unit. In summary, both experimental and numerical results show that the presence of 18 
Outside Inside Inside Outside 















a person in the doorway, either directly under or below the air curtain, has little effect on air curtain 1 
performance, and in some scenarios, it even helps to block incoming air so the infiltration through the 2 
door is reduced.   3 
 4 

















Fig. 16. Air curtain performance of the full-size CFD simulations with/without person in the doorway 1 
(supply angle: 20°).  2 
 3 
It should be noted that the small-scale PIV tests here are used to exam air curtain flow patterns, rather 4 
than to validate full-scale CFD simulations. In fact, it is often impractical to validate full-size CFD 5 
results by full-size PIV tests because it is quite challenging to conduct full-size PIV experiments due to 6 
the space needed to project the laser light and the large size of the room [36]. Therefore, most of the 7 
previous PIV tests were conducted on small-scale experiments [37–39] or a section of a whole space 8 
[40–42]. Currently, validating full-scale CFD simulations by full-scale PIV experiments is fairly limited 9 
or non-exist in the most cases.   10 
Mover, as mentioned in section 2.3, the focus of this paper is to study the effect of supply speed, angle 11 
and people on air curtain performance associated with the pressure difference parameters, i.e. the values 12 
of ∆Puc and ∆Plc, which are obtained from Q-∆Poi relationship (Fig. 7). Therefore, the CFD modeling 13 
approach is validated in the forms of Q-∆Poi relationship in section 3.1. The PIV test results were meant 14 
to providing extra information assisting the understanding of air curtain flow patterns so the PIV tests 15 
and using them for validating CFD models (in any case) are not the focuses of the current study. 16 
Validating CFD simulations of air curtains by PIV experiments has been one of the research focuses of 17 
our previous publication [22], which provides more information for readers with more interests in PIV 18 
tests and validation studies.  19 
4. Conclusions 20 
In this parametric study, 102 reduced-scale experiments and 708 full-size CFD numerical simulations 21 
were used to investigate the effect of the supply speed and angle as well as the effect of the presence of 22 
people on the performance of air curtain, and the infiltration/exfiltration rates through air curtain doors. 23 
Previous studies found that there exist three flow conditions (namely: optimum condition, inflow break-24 
through and outflow break-through conditions) according to the characteristics of an air curtain jet under 25 
different pressure differences. During the optimum condition, the jet is able to reach the floor and 26 
successfully blocks the outdoor air, and therefore it is the objective condition for the design of air curtain. 27 
Considering the upper critical pressures, ∆Puc, and lower critical pressures, ∆Plc, are the key parameters 28 
to determine boundaries of the optimum condition, in this study they are used to evaluate the 29 
performance of air curtain with the designated various parameters. A larger value of ∆Puc and more 30 
negative value of ∆Plc indicate that a larger pressure difference across the door opening is required to 31 
generate infiltration break-through and exfiltration break-through condition, respectively. Thus, a larger 32 















other words, a wider span of the optimum condition region). In this study, ∆Puc and ∆Plc are obtained by 1 
correlating the data of infiltration flow rates and the pressure differences across the door using the 2 
infiltration model for the door with air curtains. The experimental and numerical study found that: 3 
(1) Increasing the supply angle will increase the values of ∆Puc and ∆Plc. Thus, the larger supply angle 4 
will improve the air curtain performance when it is operating under the optimum and infiltration 5 
break-through conditions. However, it will weaken the air curtain’s performance of reducing 6 
exfiltration during outflow break-through condition. 7 
(2) Increasing the supply speed of air curtain will increase the value of ∆Puc and decrease the value of 8 
∆Plc. Thus, increasing the supply speed will contribute to lower infiltration/exfiltration during the 9 
infiltration break-through and exfiltration break-through conditions. Therefore, increasing supply 10 
speed could improve air curtain’s performance. However, as the supply angle increases, the 11 
difference of the air curtain performance curve (Q ~ ∆P) for different supply speed becomes smaller 12 
during the outflow break-through condition. 13 
(3) Although the air curtain jet is affected by the person especially during the range of mild pressure 14 
difference (namely: optimum condition), it was found that the person has little influence on the 15 
infiltration/exfiltration during optimum condition (small pressure differences). However, since the 16 
person present in the doorway can contribute to the increase of the flow resistance through the door 17 
(i.e. to some extent improving the performance of the air curtain door), as the pressure difference 18 
across the door increases, the presence of the person can reduce the infiltration/exfiltration through 19 
the air curtain when compared to the cases without the person. 20 
The findings of this study provide several key insights of air curtain and their performance contributors, 21 
which are important for designers, engineers, architects and building operators. There exist some other 22 
parameters, e.g. external wind speed and direction, and existence of indoor and outdoor temperature 23 
difference, which should be explored for the future study. Another step of the future study would be to 24 
employ the air curtain performance curves under different parameters from this study to conduct airflow 25 
and building energy analysis to evaluate their energy impacts from the perspective of the annual whole-26 
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 Air curtain speed, angle and person presence manifest different aerodynamics impacts for different flow regions 
 Wider span of optimum flow region at higher pressure difference indicates better air curtain performance 
 Larger supply speed widens optimum flow region thus reduces both door infiltration and exfiltration 
 Larger outward angle reduces infiltration in optimum and inflow breakthrough regions but increases exfiltration  
 Doorway person presence adds minimum impact on the jet but more resistance against infiltration/exfiltration 
  
